The focus of this study is a moment compensation control algorithm driven by a direct current servo motor. Zero moment robot teaching is achieved with a joint moment compensation algorithm. The moment equilibrium equation is derived based on moment compensation. The current signal detected by a Hall effect sensor is multiplied by a torque constant to estimate the torque value of the robot joint. The compensation current is obtained through parameter identification to overcome gravitational and friction torques. The two variables of speed and position are separately controlled, allowing the compensation current of Coulomb friction and viscous friction force to be separated from the compensation current of friction torque. This study presents the system research, design, and development of a high-precision position control theory of a robot zero moment teaching control method. A collaborative robot is used as the test and verification platform to confirm the feasibility and effectiveness of the proposed theoretical method and implementation technology.
Introduction
A collaborative robot should be able to safely collaborate with people in the absence of guardrails. Traditional industrial robots cannot satisfy this requirement, however this study presents a zero moment control 1 technology based on moment compensation. 2 It can be applied to the direct teaching of the robot, 3, 4 which can eliminate the need for a high-cost multidimensional moment sensor 5 and make the teaching easy and accurate.
According to current research, robot zero moment control is primarily realized in two ways, zero moment control technology based on position control 6 and zero force control based on direct moment control. 7 The foundation of zero moment control technology based on position control is the transformation of the magnitude and direction of external forces into corresponding position commands. 8, 9 The servo drive works in the position mode and provides the direct teaching function by tracking the location instruction. There are two ways to obtain the main moment information: one method utilizes sensors, with a six-dimensional moment sensor 5 at the end of each linkage or torque sensors at all joints to realize detection of an external force, and the second technique is to adopt the method of estimation. 10, 11 In the process of robot motion, the value of the Hall effect sensor is converted into the moment minus the moment calculated by the dynamic model. 12 The difference is the magnitude of the estimated external force.
Robot zero moment control

Zero moment control based on position control
Robot zero moment control is based on the robot dynamics model 13 MðqÞ€ q þ cðq; _ qÞ _ q þ gðqÞ þ t ext þ t f ¼ t tot ð1Þ
In equation (1) , q ¼ generalized coordinate vector of the joint, _ q, € q ¼ velocity and acceleration of each joint, respectively, M(q) ¼ inertia matrix of the robot (a positive-definite matrix), cðq; _ qÞ ¼ Coriolis matrix of the robot, cðq; _ qÞ _ q ¼ Coriolis and centrifugal forces, g(q) ¼ gravitation vector, and t tot ¼ sum of all joint torques (rotational joints). The system of zero moment control technology based on position control is shown in Figure 1 .
In Figure 1 , K p is the position loop gain value of the servo control system, K v is the speed loop gain value of the servo controller, C T is the torque constant of the motor, M g is the gravitational moment corresponding to each joint, M f is the friction moment corresponding to each joint, M F is equivalent to the moment of each joint during the contact/ collision of the external environment with the robot, q d is the position signal of each joint, and t tot is defined as follows
The position signal value q d of the motor can be obtained from equation (2) 
The method of zero moment control based on force sensor relates to the technique of estimating the external force value. [14] [15] [16] Its advantages include:
1. This procedure can detect the magnitude of the external force more precisely. The system is highly sensitive. 2. With the sensor as the external absolute feedback, there is a higher likelihood of system stability.
Its disadvantages include:
1. The moment sensor is expensive. 2. Although joint force sensors will reduce the overall cost of the system compared to the moment sensor, the joint gravity should be allowed for in order to extract the external force information. If using the torque sensor at the end, the end gravity compensation is still required to extract the external force information from the end. The complexity of the system is still high. 3. It can be predicted that, although the robot will not move too fast in the direct teaching mode, if the robot accelerates greatly, especially a lightweight robot, the torque information detected by the sensor will not be limited to gravity data and may include the inertial force and even the Coriolis and centrifugal forces. In this case, it is difficult to effectively extract the external forces from the composite force information, and the effect of the force sensor is greatly diminished. 4. The performance of the teaching system is limited by the performance of the sensor, including factors such as temperature drift, sensitivity, and noise resistance.
The advantage of obtaining external force information through estimation is that the cost of the system is reduced due to the lack of sensors. This technique, however, has the following disadvantages:
1. The accuracy of the external force estimation depends entirely on the accuracy of the dynamic model, and it is very difficult to obtain a precise dynamic model. 2. The accuracy of the force estimation cannot be guaranteed. Although the dynamic model (rigid body dynamics) can to a large extent reflect the dynamic characteristics of the robot system, the nature of dynamics is to regard the robot system as a secondorder physical system. It cannot quantitatively denote mechanical flexibility or the many non-kinetic factors, such as assembly and wear problems. Therefore, if only the dynamic model is used as the fundamental model of external force estimation, the accuracy of the estimated external forces cannot be guaranteed. 3. The stability of the system is difficult to guarantee because there are no external data available for use as feedback. The system cannot be closed.
Zero moment control based on moment compensation
The method of zero moment control based on direct moment control consists of making the servo drives work in the moment compensation mode by controlling each joint motor's output moment, in order to overcome the robot's own gravity and friction. Thus, the robot needs to overcome the smaller inertial forces before moving through external forces. The whole control system can be simply described as shown in Figure 2 . Zero moment control technology based on direct moment control requires only the output torque t tot of the robot controller. The torque directive is mainly used to overcome the gravitational and friction forces generated by the robot's mechanical structure. The process is as follows
Zero moment control technology based on direct moment control has the following advantages compared to the zero moment control technology based on position control 17, 18 :
1. There is no need for force sensors to compensate for gravity and friction, reducing the cost and complexity of the system. 2. It is not easily affected by the non-dynamic characteristics of the system. 3. Only a small amount of calculation is required.
The disadvantages mainly include:
1. Due to the direct control of the torque, the system's protection of the position and speed loop is weakened, including the emergency stop in the fault state. The system security design is difficult to improve. 2. The influence of inertia on the robot is obvious.
Because the external forces need to overcome the inertial force, for those robots with greater inertia, the necessary external forces will be larger.
Overall, the zero moment control method based on direct moment control greatly reduces system cost and complexity without the need for additional sensors.
Moment compensation based on selfmeasured gravity and friction
The goal of robot zero moment control is to overcome the effect of robot gravity and friction by compensating for the gravitational and friction moments. The gravitational and friction moments of a robot joint are affected by the joint configuration, load, and motion state of the robot. This study adopts a technique of parameter identification based on the method of least squares. By controlling the rotation speed and angle of the motor separately, an accurate compensation model for Coulomb friction and viscous friction is obtained.
Control system based on direct moment control
To realize zero moment control technology based on direct moment control, the robot control system needs to meet the following requirements:
1. The driver of each joint of the robot must have an electric current detection module design. The motor drive of each joint is arranged in the tail of the motor, where it is easy to implement wiring and compact design, as shown in Figure 3 (a). The Hall effect sensor, also called the Hall sensor, is added to the actuator to detect the current of the joint motor. A Hall sensor is a sensor that uses the Hall effect to transform a large current into a secondary small voltage signal. The Hall sensor is often used to amplify a weak voltage signal into the standard voltage or current signal through the operational amplifier and other circuits, as shown in Figure 3 (b). 2. The robot operator can drag the machine to any position and release it and the machine will not be affected by gravity and friction and thus will remain in the same position. 3. When the robot is in a normal working state, it will stop immediately and enter zero gravity when there is a collision. At this time, the robot is a flexible mechanism that responds to slight disturbances from the outside world and conforms to the movement trend of external contact forces.
Normally, the robot joint moment needs to be detected by the moment sensor. For a robot that is driven by a direct current (DC) motor, there is a good linear relationship between the electromagnetic torque and the armature current of the DC servo motor. 19 Therefore, the armature current can be used to approximately represent the electromagnetic torque in order to realize moment control. It can reduce the design cost and complexity of the robot by using the current detection method. 20 
Gravitational moment measurement and compensation
In general, industrial robots must be equipped with torque sensors at each joint or at the end of each linkage to achieve moment control. To satisfy the requirements of low cost and high safety for the collaborative robot, the Hall sensor current detection mode is adopted to replace the traditional detection mode for the moment sensor. To obtain reliable and stable current signals, the drive of each robot joint uses a DC servo motor. Because the electromagnetic torque of a DC servo motor is a linear function of armature current, the moment value of robot joints can be obtained conveniently using the current detection mode. The measured current signal is multiplied by a torque constant, which is the torque value of the robot joint
In equation (5), T ¼ output torque of the motor, C T ¼ torque constant, and I ¼ detected current of the motor. After the coordinates of each joint of the robot have been determined, the gravitational moment of each joint has also been determined.
In equation (6), T g ¼ gravitational moment of each joint, q ¼ generalized coordinates of the joint, f(q) ¼ vector associated with the robot joint coordinates, and M ¼ mass matrix of each joint. In the gravitational moment calculation, the robot joint coordinate vector f(q) is not affected by the robot load, but the mass matrix M of the robot joints is affected. In the real moment compensation algorithm, the actual corresponding mass matrix M is calculated using the load carried by the robot. By substituting the mass matrix M into equation (6), the robot's gravity moment matrix can be obtained.
Moment control can be achieved by controlling the current. When both sides of equation (6) are divided by the motor torque constant C T , the following equation is obtained
The left side of equation (7) is the compensation current for gravity, denoted as I g , where
The right side of equation (7) can be written as I c Á f ðqÞ, where I c ¼ M=C T . Thus, equation (7) can be simplified as
The constant matrix I c can be obtained experimentally, as described in the following section. equation (8) yields the amount of current I g needed to achieve gravitational moment compensation.
Compensation model of gravitational and friction moments: Parameter identification
Compensation model of gravitational and friction moments
When the robot is studied, the constant matrix I c will eventually be applied to each of its joints. By simplifying the linkage model, stress analysis is carried out by considering the single link established in Figure 4 . The measurement method, as well as the accuracy of the measurement of the constant matrix I c , directly affects the precision of the gravitational moment compensation current I g .
For a specific joint, the joint motor must be controlled and kept in place. At this point, the current of the motor contains not only sufficient current to overcome the gravity of the joint, but also enough current to overcome friction. The effective current required to overcome gravity and the effective current needed to overcome friction are separately derived from the total measured current.
To simplify the derivation, the single link mechanism shown in Figure 4 can be used to analyze the compensation current. equation (8) can be reduced to the following expression
It is assumed that I c is the current required to balance the gravitational moment when the linkage is in a horizontal position (i.e. the horizontal zero position shown in Figure  4 ). When the rotation angle of the linkage is q ¼ 0, the constant matrix I c can be measured. Since this is a single linkage, the constant matrix I c is one dimensional. When the linkage is stable in the horizontal position, the moment balance equation is shown in equation (10)
In equation (10), G ¼ gravity of linkage, G x ¼ moment generated by the weight of the linkage itself in the clockwise direction (as shown in Figure 4 ), C T ¼ torque constant, I c ¼ current when the linkage is maintained in a horizontal position, C T I c ¼ moment when the linkage is maintained in a horizontal position, and M f ¼ friction of the joint. Its direction is uncertain. equation (10) can be solved, and the actual detection current obtained
From equation (11) , it can be seen that the detection current contains the following two inseparable parts: G x / C T , the current required to balance the gravitational moment, and ÀM f /C T , the current required to balance the friction moment. The friction moment M f 2 [ÀM fmax , M fmax ], where M fmax is the maximum static friction moment of the joint.
The friction moment has a significant influence on the measurement of the gravitational moment. To eliminate interference during the gravitational moment measurement, we designed a specific measurement method to separate the current component generated by the gravitational moment from the test current. For the simplified robot model, the single link mechanism was selected for experimental analysis. The motor was controlled at a constant speed and oscillated at a low speed between two states (1 and 2), as seen in Figure 5 . The horizontal position is q 1 ¼ q 2 ; the angle between the two states (1 and 2) is very small, close to 0. Therefore, cos q % 1 and G x cos q % G x .
When the motor oscillates from state 2 to state 1, as shown in Figure 5 , the force analysis of the movement process can be obtained
The equation for the measured current is obtained by rearranging equation (12) 
In equation (13), M f1 is the friction moment in the clockwise direction.
When the motor moves from state 1 to state 2, as shown in Figure 6 , the force analysis of the movement process can be obtained
The equation for the measured current is obtained by rearranging equation (14) 
In equation (15), M f2 is the friction moment in the counterclockwise direction. We can assume that in the entire rotation, the friction in the counterclockwise and clockwise directions is the same, that is, in equations (13) and (15), M f1 ¼ M f2 . The average value of the currents measured in equations (13) and (15) is obtained, and the current component generated by the gravity can then be derived
At the same time, the current component of the force of friction can also be calculated
Viscous friction and Coulomb friction parameter identification method
The premise used in the derivation of equations (16) and (17) is that the friction moment is the same whether the linkage is rotated in a clockwise or counterclockwise direction. Significantly, there are many factors that affect the friction force, and the friction force is different in different states. Usually, friction can be divided into viscous friction and Coulomb friction. The magnitude of viscous friction is proportional to velocity; its value is 0 when the velocity is 0. Coulomb friction is proportional to the normal load, which is opposite to the direction of motion and is not dependent on the contact area. Since viscous friction is proportional to speed, in the viscous friction parameter identification method, we can control the oscillation speed, keep other conditions unchanged, and record the changes of the current at different speeds. The experimental platform is shown in Figure 7 . The load at the end of the linkage is 562 g. Figure 8 shows the experimental results. The joint speed increased from 1 r/min to 41 r/min. With this increase of rotational speed, the current of the viscous friction moment increased slightly. After the rotational speed reached 20 r/min, the current values stayed nearly constant at 1.7 A for counterclockwise rotation and 1.4 A for clockwise rotation. This shows that when the velocity reaches a certain value, viscous friction is no longer affected by velocity. The average value of the current at different rotation speeds is the corresponding current of the viscous friction. Based on the analysis of the experimental results and MATLAB [version R2016b] simulation, cubic spline interpolation curves were used to fit the current generated by the friction force at different speeds. The resulting equation was
In equation (18), I v ¼ current component of viscous friction, v ¼ velocity, and p 1 , p 2 , p 3 , p 4 ¼ parameters need to be identified. The model parameters p 1 , p 2 , p 3 , and p 4 were identified using the method of least squares. The parameter identification is shown in Figure 9 ; the results met the fitting requirements.
Coulomb friction is only proportional to the normal load. The parameter identification method for Coulomb friction consists of rotating the joint to different positions so that it experiences different normal loads. In addition, the current was recorded in both counterclockwise and clockwise directions at each position ranging from 0 to 90 , in intervals of 4.5
. The current is required to realize oscillation at a low speed. The test results are shown in Table 1 .
As can be seen from Table 1 , for each joint position, the measured value of the current for the counterclockwise direction differs from that of the clockwise direction. The fifth column in Table 1 is the current generated by Coulomb friction in the current joint position. This can be calculated by subtracting the clockwise current (third column) from the counterclockwise current (second column).
According to the data in the fourth and fifth columns of Table 1 , the relationship between average current and Coulomb friction current can be obtained, as shown in Figure  10 . The average current has a generally linear relation to the Coulomb friction current, though not perfectly linear. Based on the analysis of the experimental results and MATLAB simulation, quadratic spline interpolation curves were used to fit the Coulomb friction current with the detection current. Since the fit was very good, the following assumption was made
In equation (19) , I co ¼ current generated by Coulomb friction, I ¼ detection current, and a, b, c ¼ parameters need to be identified. The model parameters a, b, and c were identified using the method of least squares. The parameter identification is shown in Figure 11 ; the results met the fitting requirements.
Moment compensation control algorithm
The compensation current corresponding to the gravitational and friction moments is deduced using the procedure described in the "Compensation model of gravitational and friction moments: Parameter identification" section. To realize zero force control mode during joint rotation, it is necessary to overcome the currents of the gravitational and friction moments (Coulomb friction and viscous friction, respectively). 
equation (20) is the current compensation model for the moment compensation control algorithm, where sgn ð _ qÞ indicates that the direction of Coulomb friction is opposite to the direction of relative movement. I g can be obtained from equation (14) , I v can be obtained from equation (16) , and I c can be obtained from equation (17) .
For multi-degree-of-freedom (multi-DOF) robots, friction parameters identification of each joint is required. The robot system model with viscous friction and Coulomb friction is based on equations (16) and (17), and the parameters that need to be identified in the model are obtained through simulation calculation. After the viscous friction and Coulomb friction have been calculated, the moment compensation model is determined. The final current compensation of the gravitational and friction moments is then calculated using equation (18) . Errors in the experimental process are unavoidable. In addition, the robot model has been simplified to a single linkage model, which cannot accurately represent the actual state of the robot. Therefore, the actual compensation model must leave an appropriate allowance for the improvement of system stability.
When teaching at a low speed, the compensation current calculated by the moment compensation control algorithm can overcome the gravitational and friction torque of the robot perfectly and make the robot in the mode of zero moment, so the user can easily drag the robot.
However, in the actual teaching process, it is inevitable that the teaching speed is too fast. At this point, due to the influence of the counter electromotive force of the motor, the compensation current calculated by the moment compensation control algorithm cannot meet the requirements of the teaching process of the robot. At this point, the compensation current value meets the following requirements
In equation (21), K b ¼ counter electromotive force of the motor, w ¼ angular velocity of the motor, and R m ¼ resistance of the motor. The compensation current obtained by equation (21) can satisfy the teaching of the robot at any speed and make the whole system of the robot more stable.
Experiment
A collaborative robot JITRI5 contributed by our group was used to verify the feasibility and effectiveness of the zero moment control algorithm. It has six DOFs. Each joint of the robot adopts the hollow torque brushless motor, hollow harmonic driver, hollow shaft, hollow encoder, and so on. This design can make the robot more light and easy for wiring. 21 As seen in Figure 12 , it shows the joint structure of JITRI5.
The experimental platform is shown in Figure 13 . There were two kinds of joints in the robot. Joints 1-3 consisted of one type and joints 4-6 consisted of the other type. The motors of the joints are shown in Table 2 . To reflect the advantage of zero moment teaching, a weight of 1937 g was loaded at the end of the final linkage in the robot. In the experiment, two current data were collected through the Hall current sensor when the robot moved with and without the moment compensation mode.
It is difficult for the robot to implement teaching when there is no moment compensation mode, especially when bearing a load. 22 It is necessary to overcome the gravity and friction of the robot during the teaching process. When the gravitational and friction moment compensations are added, the teaching force will be greatly reduced, and the robot joint can be easily pulled by overcoming the inertial force generated by the joint rotation. When the robot adopted the moment compensation mode, the current change of joint 2 was most obvious, as shown in Figure  14 . The red dashed line shows the current of joint 2 when the robot was teaching in the moment compensation mode. The solid black line shows the current of joint 2 when the robot did not use the moment compensation mode. The compensation current of the joint was calculated according to equation (21) . It can be seen from the figure that the compensation current needed for teaching the robot differed for different positions. The required compensation current was lowest when the robot was in the vertical state and highest when the linkage was dragged to the horizontal state (time ¼ 10 s in the figure). After 15 s, the robot was dragged back to the vertical state and the magnitude of the compensation current decreased. After 22 s, the robot performed repetitive motions and the magnitude of the compensation current increased. When the robot was dragged back to the vertical state, the magnitude of the compensation current decreased. From the data, we can see that the robot moved from the vertical state to the horizontal state twice.
Conclusions
In this article, a zero moment control model was established on the basis of the dynamic model. By overcoming the gravitational and friction moments of the robot, the current compensation was obtained. During experimental analysis, the method of least squares was adopted for the parameter identification of the coefficients of Coulomb friction and viscous friction. Using this method, an accurate compensation model was obtained. The proposed zero moment control algorithm based on moment compensation differs from traditional zero moment control technology based on position control. In the teaching process of the robot, the proposed method can calculate and compensate for the current caused by the gravitational and friction moments in real time. The robot is easy to teach by overcoming its inertial force.
Using a simplified linkage model and the results of the experiment, the gravitational and friction moments of the linkage were identified. The current model was generated from the gravitational and friction moments. The current compensation control algorithm was used for zero moment control.
A test of the proposed control algorithm was performed which showed that the robot was still easy to teach when the end of the linkage was loaded with a weight of 1937 g. The experimental results showed that the compensation effect of the zero moment control algorithm based on moment compensation is obvious, which makes the teaching process easier.
Compared with the traditional zero moment control algorithm based on position control, the zero moment control algorithm based on moment compensation control eliminates the expensive torque sensor. This method can be used to convert the detection current into the moment, which simplifies the entire robot system, reduces the cost of the robot, and makes the teaching process easier and more flexible. A new approach was also presented to control collaborative robots.
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